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(54) Optical element, optical head using the optical element, and optical recording and 
reproducing apparatus using the optical element 

(57) The invention presents an optical element that 
has a good correcting effect with regard to aberrations 
and is easy to manufacture, as well as an optical head 
and an optical recording and reproducing apparatus 
using the same. The optical element includes a first 
substrate 11 . a second sul>strate 12 arranged substan- 
tially in parallel to the first substrate 1 1 . a voltage apply- 
ing electrode 13 arranged between the first substrate 1 1 
and a liquid aystal 17. an opposing electrode 14 
arranged substantially in parallel to the voltage applying 
electrode 13 and opposing the voltage applying elec- 
trode 13, and a liquid crystal 17 arranged between the 
first substrate 11 and the second substrate 12. By 
changing the voltage between the voltage applying 
electrode 13 and the opposing electrode 14, the phase 
of the light incident on the liquid aystal 17 can be 
changed. 
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Description 

[0001] The present invention relates to optical ele- 
ment that changes the phase of an incident light beam 
and to an optical head and an optical recording and s 
reproducing apparatus using such an optical element 
[0002] Optical recording media, such as digital ver- 
satile disks (DVDs), can record digital information with 
high densities, so that they are noted as optical record- 
ing media with large capacities. To record and repro- io 
duce digital information with high densities, it is 
necessary to use short wavelength light for recording 
and reproducing, and nnake the NA (numerical aper- 
ture) of the objective lens large. However, making the 
wavelength short and the NA of the lens large increases 75 
the wave-frorrt aberrations, in particular coma aberra- 
tion, due to deviations (tilt) from the optical axis, for 
exanrrple caused by warps in the optical recording 
medium, and there is the problem that the system 
design margins for the tilt have to be reduced. 20 
[0003] In order to solve this problem, optical heads 
correcting the wave-front aberrations with a liquid crys- 
tal panel have been proposed (see e.g. Japanese Pat- 
ent Application (Tokkai) Hei 9-128785). 
[0004] Referring to Rg. 23. the following explains 25 
an example of such a conventional head. 
[0005] Fig. 23 shows the configuration of a conven- 
tional optical head 1 (also called "optical pickup"). The 
optical head 1 comprises a light source 2. a half-mirror 
3a, an objective lens 3b. a focus lens 3c, an optical ele- 30 
ment 4. a tilt sensor 5, an optical element control drcuit 
6, and a photo-detector 7, 

[0006] The light source 2, which can be a semicon- 
ductor laser element, outputs coherent light for record- 
ing and reproducing toward the recording layer of the 35 
optical recording medium 8 (which is a medium for 
recording information, in which the recorded information 
can be read out optically, such as a CD or a DVD). The 
optical element 4 includes a liquid aystal panel, which 
has a plurality of segment electrodes in a pattem such 40 
as shown in Fig. 24. By applying an appropriate voltage 
to each of the segment electrodes, the optical element 
4 changes the refractive index of the liquid crystal for 
each of the segment electrodes, and changes the 
phase of the light passing through each of the elec- 45 
trodes. Thus, the optical element 4 corrects the aberra- 
tion caused by the tilt. 

[0007] The following explains how this conventional 
optical head 1 functions. Linearly polarized light emitted 
by the light source 2 is reflected by the half-mirror 3a so 
and enters the optical element 4. When the optical 
recording medium 8 is tilted vertically with respect to the 
optical axis, a signal depending on the tilt amount (tilt 
angle) is output by the tilt sensor 5. Based on the signal 
from the tilt sensor 5. the optical element control circuit ss 
6 controls tiie liquid crystal panel of the optical element 
4 so as to generate the necessary phase change for 
correcting the wave-front aberrations caused when the 



optical recording medium is tilted. 
[0008] Thus, the light entering the optical element 4 
is subjected to a phase change that corrects the wave- 
front aberrations caused by tilting of the optical record- 
ing medium 8. The light thai has passed through the 
optical element 4 is focused on the optical recording 
medium 8 by an objective lens 3b. Since light that has 
been subjected to a phase change that corrects the 
wave-front aben^tions caused by tilting of the optical 
recording medium 8 is focused by the objective lens 3b, 
a light spot without aberration (constricted to the diffrac- 
tion limit) is formed on the optical recording medium 8. 
[0009] Then, the light that is reflected from the opti- 
cal recording medium 8 may turn into light with wave- 
front aberrations, depending on the tilt of the optical 
recording medium 8. but the wave-front aberrations are 
corrected by the optical element 4. The light that has 
passed through the optical element 4 passes the half- 
mirror 3a arxi enters the focus lens 3c without retuming 
to the light source 1 , and is focused by the focus lens 3c 
on the photo-detector 7. The photo-detector 7 outputs 
the information stored on tiie optical recording medium 
8. In addition, the photo-detector 7 outputs a focus error 
signal indicating how well the light focuses on the optical 
recording medium 8. and a tracking error signal indicat- 
ing the irradiation position of the light 
[001 0] The following explains the principle of the tilt 
correction with the optical element 4. 
[001 1] Rg. 25 shows an example of the wave-front 
aberrations in the t^est image point of the optical record- 
ing medium 8 (for a I"" tilt angle of the optical recording 
medium 8, a 0.6 NA of the objective lens, a wavelength 
of 655nm. and a 0.6mm substrate thickness of the opti- 
cal recording medium 8). As is shown in Rg. 25, if the 
optical recording medium 8 is tilted, the wave-front aber- 
rations have a substantially semicircular distribution, 
anti-symetrically to tiie left and right. By subjecting the 
inckJent light to a phase change that cancels the wave- 
front aberration distribution in Rg. 25 with the optical 
lens 4. the spot on tiie optical recording medium 8 can 
be constricted to tiie diffraction limit, even when tiie opti- 
cal recording medium 8 is tilted. Moreover, by subjecting 
the light that is reflected from the optical recording 
medium 8 to a phase change that cancels the wave- 
front aberrations, the photo-detection with the photo- 
detector 7 becomes more precise. 
[0012] To subject the incident light to a phase 
change that cancels the wave-front aberration distritsu- 
tion in Rg. 25, the light path length of the optical ele- 
ment 4 has to be changed partially Since the refractive 
index of the Ttquid crystal can be changed by applying a 
voltage from outside, the light path length of the optical 
element can be changed partially by partially changing 
the applied voltage. Thus, the wave-front aberrations 
shown in Rg. 25 can be corrected by applying different 
voltages to different segment electrodes partitioned into 
a fine pattern as shown in Rg. 24. 
[001 3] However, with such an optical element 4, it is 
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necessary to apply a corresponding control signal from 
the outside to each segment electrode of the liquid CTys- 
tal panel in the optical element 4. This means, that from 
the driving circuit for driving the liquid crystal panel, a 
flexible circuit board has to be connected to the optical 
element 4 with the same numtjer of wires as there are 
segment electrodes in the liquid crystal panel. Conse- 
quently, in the case of an optical element 4 having many 
segment electrodes as shown In Rg. 24, many signals 
have to be supplied, and the flexible circuit board 
becomes accordingly wider When such a wide flexible 
circuit board is connected to the optical element 4. it 
becomes very difficult to adjust the parts properly, and 
this stands in the way of making the optical head 1 
smaller. Moreover, to install a small optical element as 
the optical head 4 without shorting the many wires is 
very difficult, and the more wires there are, the worse 
becomes the yield of the step of installing the optical 
element 4 on the flexible circuit board, which leads to 
higher costs for the optical head 1 - 
(001 4] In order to solve this problem, an optical ele- 
ment has been proposed having segment electrodes 
that differ from the above conventional segment elec- 
trodes (Tokkai Hei 10-20263). Rg. 26 shows the shape 
of these segment electrodes. The shape of these seg- 
ment electrodes agrees with the shape of the wave-front 
aberrations caused by tilting of the optical recording 
medium 8. Consequently, the wave-front aben-ations 
can be corrected better than with the above-mentioned 
conventional optical element, even though the number 
of segment electrodes is reduced. 
[0015] However, even with the optical element hav- 
ing segment electrodes of the shape shown in Rg. 26, 
the pattern shown in Fig. 26 has to be partitioned even 
finer to correct the wave-front aberrations more pre- 
cisely. Consequently, even in an optica! element having 
segment electrodes with the shape shown in Rg. 26, 
the nunrtoer of control signals rises in proportion to the 
partitioning degree of the segment electrodes, and 
there is the problem that it becomes difficult to connect 
the optical element 4 and the optical element control cir- 
cuit 6. Moreover, there is the problem that it is difficult to 
make the optical head smaller. 

[0016] Morewer. the influence of the electric field 
above the portions between segment electrode and 
segment electrode (separation portions) is weak, so 
that there is the problem that the wave-front aberrations 
are not corrected sufficiently. It seems possible to make 
the separation portions narrower, but if the width of the 
separation portions is below a certain value, there is the 
problem that they become difficult to manufacture and 
the yield drops. 

[001 7] To solve these problems, it is an object of the 
present invention to present an optical element with a 
good correcting effect with regard to incident light, 
which is easy to manufacture, and an optical head and 
an optical recording and reproducing apparatus using 
the same. 



[0018] To attain these objects, an optical element in 
accordance with the present invention includes a volt- 
age applying electrode provided with a plurality of seg- 
ment electrodes; an opposing electrode arranged 
5 substantially in parallel to the voltage applying electrode 
arxJ opposing the voltage applying electrode; a phase 
changing layer made of a phase changing material 
anranged between the voltage applying electrode and 
the opposing electrode; wherein a phase of light enter- 
ic ing the phase changing layer is changed t>y changing a 
voltage between the voltage applying electrode and the 
opposing electrode. With this configuration, an optical 
recording and reproducing apparatus wHh good con-ect- 
ing effect with regard to incident light, which is easy to 
}5 manufacture, can be achieved. 

[0019] In the optical elemerrt, it is preferable that the 
phase changing material is a material whose refractive 
index changes depending on the voltage. With this con- 
figuration, the phase of the incident light can be 
20 changed easily. 

[0020] In the optical element, it is preferable that the 
phase changing material is a liquid crystal. With this 
configuration, the voltage applied to change the phase 
of the incident light can be small. 
25 [0021 ] In the optical element, it is preferable that the 
phase changing material Is a material whose volume 
changes deperxJing on the voltage. With this configura- 
tion, the phase of the incident light can be changed eas- 
ily. 

30 [0022] In the optical element it is preferalsle that the 
phase changing material is PLZT (transparent per- 
ovskite crystal containing lead oxide, lanthanum, zirco- 
nium oxide, and titanium oxide). With this configuration, 
the element can be made thin. 

35 [0023] It is preferable that the voltage applying elec- 
trode further includes a voltage control electrode made 
of a conductive material, which divides a voltage 
applied from outside with resistances of the conductive 
material and applies the divided voltages to the seg- 

40 ment electrodes. With this configuration, the resist- 
ances off the voltage applying electrodes divide a 
voltage applied from outside, so that the voltage applied 
from outside can be divided easily. 
[0024] In the optical element, it is preferable that the 

45 plurality of segment electrodes includes a plurality of 
substantially semicircular electrodes arranged substan- 
tially in symmetry. With this configuration, the wave- 
front abenrations can be corrected easily and precisely. 
[0025] In the optical element, it is preferable that tiie 

50 plurality of segment electrodes includes a plurality of 
electrodes partitioned into concentric rings. With this 
configuration, spherical aben^ation can be corrected 
easily and precisely. 

[0026] In the optical element, it is preferable that the 
55 thickness da of the voltage applying electrode is 

da = (2N3 + 1)X./2n^ 



3 



5 



EP1011 009 A1 



6 



wherein X is the wavelength of the incident fight, is an 
integer of 0 or greater, and na is the refractive index of 
the voltage applying electrode. With this configuration, 
light reflections at the voltage applying electrode can be 
preverrted. if the refractive indices of the layer above 
and below the voltage applying electrode are substan- 
tially the same. 

[0027] In the optical element, it is preferable that the 
thickness db of the opposing electrode is 

db={2Nj, + 1)X/2nb 

wherein A. is the wavelength of the incident light, is an 
integer of 0 or greater, and n^ is the refractive irKiex of 
the opposing eiectroda With this configuration, light 
reflection at the opposing electrode can be avoided, if 
the refractive indices of the layer above and below the 
opposing electrode are substantially the same. 
[0028] It is preferable that the optical element fur- 
ther includes an anti-reflective film for preventing reflec- 
tion of incident light. With this configuration, light losses 
due to reflection can be prevented. 
[0029] In the optical element, it is pref erat^te that the 
voltage applying electrode is partitioned by separation 
portions into the plurality of segment electrodes; and 
the width of tiie separation portions is such that the 
_errtire_phase_changing layer located above the separa- 
tion portions is influenced by the segment electrodes. 
With this configuration, the ptese of light passing 
through the portions where the segment electrode is not 
formed can be controlled as well, so tiiat an optical ele- 
ment with a particularly high phase correction effect can 
be obtained. 

[0030] In this optical element, it is preferable that 
the width W of tiie separation portions and the thickness 
d of the phase changing layer satisfy the relation W s 
3d. With tills configuration, an optical element with an 
even better phase correction effect can be obtained. 
[0031] In the optical element, it is preferable that the 
voltage applying electrode is partitioned by separation 
portions into the plurality of segment electrodes; and 
the optical element further includes a light-blocking film 
blocking light from passing through the separation por- 
tions. With this configuration, light passing through the 
portions of the liquid crystal tiiat are not controlled by 
the electric field can be blocked, so that an optical ele- 
ment witii an even better phase correction effect can be 
obtained. 

[0032] In this optical element, it is preferable tiiat 
the light-blocking film is made of metal. With this config- 
uration, a light-blocking film that blocks light well can be 
manufactured easily. 

[0033] An optical head in accordance with the 
present invention, for optically reading information 
stored on an optical recording medium, includes a light 
source and an optical element as described above 
arranged between the optical recording medium and the 
light source. Since this optical head includes an optical 



element in accordance with the present inverttion. an 
optical head with good correcting effect with regard to 
incident light, which is easy to manufacture, can be 
achieved. 

5 [0034] It is preferable that the optical head further 
includes a NX M plate (wherein N is an odd number of 
one or greater) arranged between the optical recording 
medium and the optical element With this configura- 
tion, light is used with greater efficiency, facflitating the 
10 recording of signals. 

[0035] An optical recording and reproducing appa- 
ratus in accordance with the present invention, for 
recording or reproducing signals (this includes record- 
ing and reproducing signals) on an optical recording 
IS medium, includes an optical head for recording or repro- 
ducing signals on the optical recording medium, the 
optical head including a light source, and an optical ele- 
ment as described above arranged between the optical 
recording medium arKi the light source. Since this Opti- 
mo cal recording and reproducing apparatus includes an 
optical element in accordance with the present inven- 
tion, an optical recording and reproducing apparatus 
with a good correcting effect with regard to incident 
light, and which is easy to manufacture, can be 
25 achieved. 

[0036] It is preferable that the apparatus further 
includes a NX /4 plate (wherein N is an odd number of 
one or greater) arranged between the light source and 
the optical element 

30 

Rg. 1 is a perspective view showing an example of 
an optical element in accordance with the present 
invention. 

Rg. 2 is a cross-sectional view showing an example 
35 of an optical element in accordance with the 
present invention. 

Rg. 3 is a top view showing an example of a voltage 
applying electrode of an optical element in accord- 
ance with the present invention. 

40 Rg. 4 is a circuit diagram showing the equivalerrt 
circuit of a voltage control electrode of an optical 
element in accordance with the present invention. 
Rg. 5 is a graph showing the refractive index of the 
liquid crystal of an optical element in accordarwe 

45 with the present invention as a function of the con- 
trol voltage. 

Rgs. 6A and 6B are top views showing another 
example of a voltage control electrode in an optical 
element in accordance with the present invention. 

so Rg. 7 is a top view showing yet another example of 
a voltage control electrode in an optical element in 
accordance with the present invention. 
Rg. 8 is a top view showing another example of a 
voltage applying electrode in an optical element in 

55 accordance with the present invention. 

Rg. 9 is a top view showing an example of segment 
electrodes in an optical element in accordance witii 
the present invention. 
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Rg. 10 is a top view showing another example of 
segment electrodes of an optica) element in accord- 
ance with the present invention. 
Fig. 1 1 is a cross-sectional view showing another 
example of an optical element in accordance with 
the present invention. 

Fig. 12 is a schematic drawing illustrating the func- 
tion of the anti-reflective layers in an optical element 
in accordance with the present invention. 
Fig. 13 is a cross-sectional view showing yet 
another example of an optical element in accord- 
ance with the present invention. 
Fig. 14 is a top view showing an example of a volt- 
age applying electrode in an optical element In 
accordance with the present invention. 
Rg. 15 is a diagram illustrating the function of an 
optical element in accordance with the present 
invention. 

Rg. 16 is a graph illustrating the function of an opti- 
cal element in accordance with the present inven- 
tion. 

Rg. 17A is a cross-sectionai drawing showing yet 
another optical element in accordance with the 
present invention. Rg. 1 7B is a top view showing an 
example of the light-bloddng film in an optical ele- 
ment in accordance with the present invention. 
Rg. 18 is a schematic drawing showing an exampjie 
of an optical head in accordance with the present 
invention. 

Rg. 19 is a circuit diagram showing an optical ele- 
ment control circuit used in an optical head of the 
present invention. 

Rg. 20 is a graph showing the effect of aberration 
correction in an optical head in accordance with the 
present invention. 

Rg. 21 is a schematic drawing showing another 
example of an optical head in accordance with the 
present invention. 

Rg. 22 Is a schematic drawing showing an example 

of an optical recording and reproducing apparatus 

in accordance with the present Invention. 

Rg. 23 is a schematic diagram showing an example 

of a conventional optical head. 

Fig. 24 is a schematic drawing showing an example 

of a segment electrodes in a conventional optical 

elemerrt. 

Fig. 25 is a graph showing an example of the wave- 
front aberrations when the tilt angle is 1**. 
Fig. 26 is a schematic drawing showing an example 
of a voltage applying electrode in a conventional 
optical element 

[0037] The following is a desaiption of the prefered 
embodiments of the present invention, with reference to 
the accompanying drawings. 



First Embodiment 

[0038] The first embodiment illustrates an exanrple 
of an optical elemerrt in accordance with the present 
5 invention. 

[0039] Rg. 1 1s a perspective view of an optical ele- 
ment 10 of a first embodiment of the present invention. 
Rg. 2 is a cross-sectional view of the optical element 
10. 

10 [0040] As shown in Rgs. 1 and 2, the optical ele- 
ment 10 includes a first substrate 11. a second sub- 
strate 12 arranged substantially in parallel to the first 
substrate 11, a voltage applying electrode 13 arranged 
between the f irst substrate 1 1 and a Fiqutd crystal 1 7, an 

15 opposing electrode 14 arranged sut>stantially in parallel 
to the voltage applying electrode 13 and opposing the 
voltage applying electrode 13, a translucent resin film 
15 formed so as to cover the voltage applying electrode 
13. a translucent resin film 16 formed so as to cover the 

20 opposing electrode 14, a liquid crystal 17 arranged 
between the translucerrt resin films 15 and 16 (I.e. 
between the voltage applying electrode 13 and the 
opposing electrode 14), and a sealing resin 18 arranged 
between the translucent resin films 15 and 1 6 enclosing 

25 the liquid crystal 1 7. 

[0041] The first substrate 11 and the second sut>- 
strate 12 are made, for exanple. of glass and are trans- 
lucent. 

[0042] The voltage applying electrode 13 serves as 
30 an electrode for applying a desired voltage to the Rquid 
crystal 17. The voltage applying electrode 13 Is formed 
on the main face on the inner side (\.&. the side of the 
liquid aystal 17) of the first substrate 1 1 . 
[0043] Together with the voltage applying electrode 

35 13, the opposing electrode 14 serves as an electrode 
for applying a desired voltage to the liquid crystal 17. 
The opposing electrode 14 Is formed on the main face 
on the inner side (i.e. the side of the liquid crystal 17) of 
the second substrate 12. The opposing electrode 14 is 

40 connected to an electrode 19, which is formed on the 
first substrate 11. via a conductive resin (not shown in 
the drawings) formed in a portion of the sealing resin 1 8. 
The electrode 19 is connected, for example, to ground 
(GND). The opposing electrode 14 is translucent, and is 

45 made, for example, of ITO. The opposing electrode 1 4 is 
formed substantially uniformly at least on a portion that 
opposes a segment electrode portion 13a on the main 
surface on the inner side of the second substrate 12. 
[0044] The translucent resin films 1 5 and 1 6 are ori- 

50 ented films for orienting the liquid crystal 17 in a certain 
direction, and are. for example, polyvinylalcohol films. 
By rutibing the translucent resin films 15 and 16, the liq- 
uid CTystal 1 7 can be oriented into a certain direction. Of 
course, it is also possible to orient the liquid crystal 17 

55 by another method (for example, by oblique deposition). 
[0045] The liquid crystal 17 functions as a phase 
changing layer for changing the phase of incident light. 
The liquid crystal 17 can be. for example, a nematic liq- 
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uid crystal. Changing the voltage between the voltage 
applying electrode 13 and the opposing electrode 14 
alters the refractive index of the liquid crystal 17. wrtiich 
changes the phase of incident light Instead of the liquid 
crystal 17. it is also possible to use another phase s 
changing layer nnade of a phase changing material (the 
same is true tor the following embodiments). As the 
phase changing material, it is possit)le to use a material 
whose refractive index or volume (film thickness) 
changes depending on the voltage between the voltage 70 
applying electrode 13 and the opposing electrode 14. 
An example of a material whose refractive index 
changes depending on the voltage is a liquid crystal. An 
example of a material whose volume changes deperxj- 
ing on the voltage is PLZT (transparent perovskite crys- 15 
tal containing lead oxide, lanthanum, zirconium oxide, 
and titanium oxide). If a solid such as PLZT is used for 
the phase changing layer, either the voltage applying 
electrode 13 or the opposing electrode 14 shoukj be 
formed on the phase changing layer. Consequently, in 20 
tNs case, either the f irst substrate 1 1 or the second sub- 
strate 12 can be left out. Consequently, if PLZT is used, 
the element can be made thinner. 
[0046] The sealing resin 18 is for sealing the liquid 
crystal 1 7 and is, for example, an epoxy resin. 25 
[00471 Rg. 3 is a top view of the voltage applying 
electrode 13. Referring to Rg. 3, the voltage applying 
electrode 13 includes a segment electrode portion 13a 
and a voltage control electrode 13b. 
[0048] As shown in Fig. 3. the segment electrode 30 
portion 13a includes a plurality of segment electrodes 
A, B, C, D and E. The segment electrodes A through E 
and the voltage control electrode 13b are electrically 
connected by lead lines La through Le. The segment 
electrodes A and E are substantially semi-circular. The 35 
shape of the segment electrode A combined with the 
segment electrode B is substantially semi-circular, and 
the same is true for segment electrcxJes D and E. The 
shape of all segment electrodes A though E combined 
is that of a sut>stantially perfect circle. The segment 4o 
electrodes A and B, and the segment electrodes D and 
E are arranged substantially symmetrically with respect 
to the segment electrode C. The shape of the segment 
electrodes can be changed in accordance with the aber- 
ration distribution of light to be corrected, and the 45 
shapes shown in Rg. 3 are merely an example. 
[0049] The segment electrode portion 13d is a 
translucent electrode, and can be made, for example, of 
ITO. The voltage control electrode 1 3b is made of a con- 
ductive material. Using the same material for the seg- sc 
ment electrode portion 13a and the voltage control 
electrode 13b facilitates the manufacturing of the volt- 
age applying electrode 13. 

[0050] The voltage control electrode 13b controls a 
voltage applied from outside and applies it to the seg- st 
ment electrode portion 13a. Voltages VI and V2 are 
applied from the outskJe to predetermined positions on 
the voltage control electrode 13b. Rg. 4 is an equivalent 



circuit of the voltage control electrode 13b. In Rg. 4, r1 
is the resistance between the lead lines La and Lb. r2 is 
the resistance between the lead lines Lb and Lc. r3 is 
the resistance between the lead lines Lc and Ld, and r4 
is the resistance between the lead lines Ld and Le. The 
voltages VI and V2 applied to the voltage control elec- 
trode 13b are divided by the resistance of the voltage 
control electrode 13b so that voltages Va, Vb, Vc, Vd. 
and Ve are outputted to the lead lines La though Le 
respectively The outputted voltages Va through Ve can 
be controlled by choosing the material of the voltage 
control electrode 13b and its shape accordingly Since 
the liquid crystal 17 acts as an extremely small capaci- 
tor, the signal for driving the liquid crystal 1 7 (e.g. a rec- 
tangular wave of IkHz frequency) hardly flows into the 
liqukl crystal 17. Consequently, the voltages Va through 
Ve outputted from the voltage control electrode 13b are 
applied almost unchanged to the segment electrode 
portion 13a. 

[0051 1 Rg. 5 shows the refractive index of the liquid 
crystal 17 as a function of the control voltages (Va 
through Ve) applied to the liquid crystal 17 (the applied 
voltage is. for example in the case of a rectangular wave 
of IkHz frequency, the rms value). As shown in Rg. 5. 
the refractive index of the liquid crystal 17 hardly 
changes until the control voltage reaches a certain 
value. When the control voltage exceeds a certain 
threshold value, the refractive index decreases linearly 
And when the control voltage exceeds another thresh- 
old value, the refractive index hardly changes. Conse- 
quently, by controlling the liquid crystal 17 with voltages 
of the range in which the refractive index changes sub- 
stantially linearly with respect to the control voltage, the 
phase change of the light that passes the segment elec- 
trode can be changed linearly with respect to the 
applied voltage. 

[0052] In the optical element 1 0, the refractive index 
0I the liquid crystal 17 and thereby the light path length 
changes in accordance with the voltage l>etween the 
segment electrode portion 1 3a to which the voltages V& 
through Ve are applied and the opposing electrode 14. 
Consequently, the light passing though the Ik^uid crystal 
17 can be subjected to the desired phase change by 
changing the voltages Va through Ve. and wave-front 
aberrations caused, for example, by tilting an optical 
recording medium can be corrected. 
[0053] For example, to correct the wave-front aber- 
rations occurring when the tilt is 1** (see Rg. 25), the 
phase change of the light passing through the segment 
electrodes A through E shoukj be increasing from the 
segment electrode A to the segment electrode B to the 
segment electrode C to the segment electrode D to the 
segment electrode E. Moreover, since the absolute val- 
ues of the phase changes of the wave-front aberrations 
in Fig. 25 on the left and right with respect to the center 
are substantially the same but have different signs, the 
phase change of the light passing the segment elec- 
trodes on the left and right should be substantially anti- 
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symmetrical, taking the phase change of the light pass- 
ing through the segment electrode C as a reference. In 
other words, it is preferable that the absolute value of 
the difference between the phase change of the light 
passing through the segment electrode A and the phase 5 
change of the light passing through the segment elec- 
trode C is the same as the absolute value of the differ- 
ence between the phase change of the light passing 
through the segment electrode E and the phase change 
of the light passing through the segment electrode C. n 
and that their signs are opposite. Analogously, it is pref- 
erable that the absolute value of the difference between 
the phase change of the light passing through the seg- 
ment electrode B and the phase change of the light 
passing through the segment electrode C is the same 7 
as the absolute value of the difference between the 
phase change of the light passing through the segment 
electrode D and the phase change of the light passing 
though the segment electrode C. and that their signs 
are opposite. ^ 
[0054] To change the phase of the light passing 
though the segment electrodes in the above-described 
manner, it is preferable that the voltages Va through Ve 
applied to the segment electrodes A through E satisfy 
the relations Va = Vc + X . Vb = Vc + Y, Vd = Vc - Y. ; 
and Ve = Vc - X (where X and Y are positive and X is 
-larger than-Y). In oixJeMo establish these relationships, 
r1 should be equal to r4. and r2 should be equal to r3 in 
the equivalent circuit shown in Fig. 4. 
[0055] As an example, let us assume that the volt- . 
age applying electrode 13 is made of ITO, and that rl, 
r2, r3. and r4 are Ika each. For example, if an ITO film 
having a resistance of about 30n/ mm^ is used, the dis- 
tance between adjacent lead lines should be 100 jxm 
and the width of the voltage control electrode 13b 
should be 3.3fim. Under these conditions, the voltages 
Va through Ve applied to the segment electrodes A 
though E can be changed by changing VI and V2, while 
satisfying the above relations. 

[0056] It is preferable that the thickness da of 
the segment electrode portion 13a is 
d = (2N 3 + 1)X / 2n a (wherein X is the wavelength of 
the incident light. is an integer of 0 or greater, and na 
is the refractive index of the voltage applying electrode). 
The segment electrode portion 13a is sandwiched by 
the first substrate 11 (refractive index ca. 1.5) and the 
translucent resin film 15 (refractive index ca. 1.5). Con- 
sequently, if, for example. ITO with a refractive index of 
2 is used for the segment electrode portion 13a. and if 
the segment electrode portion 13a satisfies the above 
equation, the segment electrode portion 13a has no 
influence on the incident light, and reflections at the 
segment electrode portion 13a can be prevented. If the 
refractive indices of the layer above and below the volt- 
age applying electrode 13 differ, it is preferable that the 
denominator in the above equation is 4na. 
[0057] For the same reason as for the thickness of 
the segment electrode portion 13a, it is preferable that 



the thickness db of the opposing electrode 14 is 
d t) = (2N b + 1 )X / 2n b (v/herein X is the wavelength of 
the incident light Nb is an integer of 0 or greater, and nb 
is the refractive index of the opposing electrode). If the 
5 refractive indices of the layer above and below the 
opposing electrode 14 differ. It is preferable that the 
denominator in the above equation is 4nb. 
[0058] The following is an example of a method for 
manufacturing the optical element 10. with reference to 
10 Figs. 1 and 2. 

[0059] To manufacture the optical element 10. first, 
the voltage applying electrode 13 and the electrode 19 
are formed on the first substrate 1 1 . The voltage apply- 
ing electrode 13 and the electrode 19 can be formed by 
15 sputtering a translucent conductive film of. for example, 
rrO, and patterning the same with a photo-lithography 
step and an etching step. Then, the translucent resin 
fflm 15 is formed, for example by spin-coating, so as to 
cover the voltage applying electrode 13 and the elec- 
20 trode 19. On the other hand, in parallel with this proc- 
ess, the opposing electrode 14 and the translucent resin 
film 16 are formed on the second substrate 12. The 
opposing electrode 14 and the trarrslucent resin film 16 
can be formed by the same method as the voltage 
25 applying electrode 13 and the translucent resin film 15. 
Then, the first substrate 1 1 and the second substrate 12 
are opposed, clamping the sealing resin 18. and the liq- 
uid crystal 1 7 is filled between the translucent resin films 
15 and 16. Thus, the optical element 10 can be formed. 
30 [0060] As mentioned above, in the optical element 
10 of the first embodiment, the voltages VI and V2 
applied to the voltage control electrode 13b are divided 
by the resistances of the voltage control electrode 13b 
into the voltages Va through Ve. and applied to the seg- 
35 ment electrodes A through E of the segment electrode 
portion 13a. Therefore, a good correcting effect can be 
attained with regard to light incident on the optical ele- 
ment 10. and the number of signal lines connected to 
the optical element 10 can be low. Consequently, with 
40 this configuration, an optical element can be attained, 
which displays a good correcting effect with regard to 
incident light, and which is easy to manufacture. 
[0061] In the first emtKXliment. a voltage control 
electrode 13b with a shape as shown in Fig. 3 has been 
45 given as an example of the voltage control electrode 
13b. but there is no limitation for the voltage control 
electrode 13b to the shape shown in Fig. 3. For exam- 
ple, depending on the desired resistances rl through r4, 
the voltage control electrode 13b also can have a shape 
so as shown in Figs. 6 and 7. In the voltage control elec- 
trode shown in Fig. 6A. the width between the lead lines 
La and Ub and between the lead lines Ld and Le is 
smaller than the width between the lead lines Lb and Ld. 
In the voltage control electrode shown in Fig. 6B. the 
55 distance of the lead lines La and Ub and the distance of 
the lead lines Ld and Le is longer than the distance 
between the lead lines Lb and Lc and the distance 
between the lead lines Lc and Ld. The voltage control 
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electrode shomx in Fig. 7 has a bent shape. With the 
shapes of the voltage control electrode 13b shown in 
Rgs. 6A and 6B. r1 and r4 can be made larger than r2 
and r3. Moreover, by letting the voltage control elec- 
trode 13b have the shape shown in Fig. 7. the values for 
r1 to r4 can be adjusted as desired. 
[0062] Moreover, in the optical element 10 of the 
first embodimerTt. the segment electrode portion 13a 
and the voltage control electrode 13b of the voltage 
applying electrode 13 have been explained as being 
made of the same material but according to the circum- 
stances. It is also possible to make the segment elec- 
trode px>rtion 13a and the voltage control electrode 13b 
of different materials. Moreover, it is also possible to 
make the voltage control electrode 13b of a plurality of 
conductive materials. 

[0063] Fig. 8 illustrates an example where the 
material for the voltage control electrode differs from the 
material tor the segment electrode portion. In Rg. 8. the 
voltage applying dedrode 80 (which corresponds to the 
voltage applying electrode 13 in Rg. 3) includes a seg- 
ment electrode portion 80a and a voltage control elec- 
trode 80b. 

[0064] The segment electrode portion 80a is a 
translucent electrode, and is made, for example, of ITO, 
[0065] The voltage control electrode 80b is made of 
a material that is different from the segment electrode 
portion 80a. and can be made of. for example. Ge. Ti. or 
W. in accordance wfth the circumstances. If a material 
with high resistance is used for the voltage control elec- 
trode 80b. the current flowing through the voltage con- 
trol electrode 80b can be reduced, so that the load on 
the IC for driving the liquid crystal can be reduced, 
which improves the refiability of the optical element 
Also, if a material with high resistance is used for the 
voltage control electrode 80b. the desired resistance 
can be attained without choosing a small width for the 
width of the voltage control electrode 80b. which facili- 
tates the manufacture of the optical element 
[0066] Moreover, in the first embodiment a seg- 
ment electrode portion 13a that is divided into the seg- 
ment electrodes A through E has been given as an 
example, but by dividing the segment electrode portion 
13a e/en finer, aberrations can be corrected even more 
precisely (the same is true for all following emtxDdiments 
as well). For example, using a segment electrode por- 
tion 13a having a three-stage pattern (made of seven 
segment electrodes) as shown in Fig. 9. aberrations can 
be corrected even more precisely. For example, to cor- 
rect the wave-front aberrations occurring when an opti- 
cal recording medium is tilted r (see Fig. 25). the wave- 
front aberrations at the best image point without correc- 
tion is 80m X and can be corrected to wave-front aberra- 
tions of 60m X with the segment electrode portion 13a 
having a one-stage pattern (made of three segment 
electrodes as shown in Fig. 26). Moreover, the wave- 
front aberrations can be corrected to 50m X with the 
segment electrode portion 13a having a two-stage pat- 



tern (made of five segment electrodes as shown in Rg. 
3) and to 40m X with the segment electrode portion 13a 
having a three-stage pattern (node of seven segment 
electrodes as shown in Rg. 9). Even when the number 
5 of sections is increased into which the segment elec- 
trode portion 13a of the optical element 10 is divided, 
the external voltages fed to the optical element 10 can 
be kept at VI, V2 and ground, and do not have to be 
increased. 

10 [0067] The first embodiment has been explained 
with an optical element for correcting wave-front aberra- 
tions due to tilting of an optical recording medium. How- 
ever, by changing the shape of the voltage applying 
electrode, it Is also possible to correct spherical aberra- 

75 tions. To correct spherical aberrations, the segment 
electrode should be divided into concentric rings, as 
shown in Rg. 10 (the same is tme for all following 
embodiments). 

20 Second Embodiment 

[0068] The second embodiment illustrates another 
example of an optical element in accordance with the 
present invention. 
25 [0069] Rg. 1 1 is a cross-sectional view of an optical 
element 110 of the second embodiment of the present 
invention. 

[0070] Referring to Rg. 1 1 , the optical element 110 
includes, like the optical element 10 of the first embocB- 

30 ment. a first substrate 1 1 . a second substrate 1 2, a volt- 
age applying electrode 13. an opposing electrode 14, 
translucent resin films 15 and 16. a liquid crystal 17, and 
a sealing resin 18. The optical element 110 further 
includes an anti-reflective film 111 formed on the main 

35 surface on the outer side (away from the liquid crystal 
17) of the first substrate 1 1, an interlayer anti-reflective 
film 1 12 arranged between the first substrate 1 1 and the 
voltage applying electrode 13, an interlayer anti-reflec- 
tive film 113 arranged between the voltage applying 

40 electrode 13 and the translucent resin film 15, an inter- 
layer anti-reflective film 114 arranged between the 
opposing dectrode 14 and the translucerrt resin film 16, 
an interlayer anti-reflective film 115 arranged between 
the second substrate 12 and the translucent resin film 

45 16, and an anti-reflective film 116 formed on the main 
surface on the outer side of the second substrate 12 
(away from the liquid crystal 18). 
[0071 ] The first substrate 1 1 , the second substrate 
12. the voltage applying electrode 13. the opposing 

50 electrode 14. the translucent resin films 15 and 16, the 
liquid crystal 17, the sealing resin 18. and the electrode 
19 are the same as in the first embodiment, so that their 
explanation has been omitted. 

[0072] The anti-reflective films 111 and 116, and 
55 ttne interlayer anti-reflective films 1 12 to 1 15 are formed 
so as to avoid reflection of light passing through the 
optical element 110. The anti-reflective films 111 and 
116, and the interlayer anti-reflective films 112 to 115 
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can be formed, for example, by spimering or by vapor 
deposition. 

[0073] Referring to Rg. 12. the following is a gen- 
eral explanation of the anti-reflective films. When light 
passes through the media 1 to 3 with the refractive Indi- s 
ces ni to ns as shown in Rg. 12. and the film thickness 
of the medium 2 is U then the reflectivity at the medium 
boundary can be minimized if L » (2N2 + 1)X / Ang is 
satisfied (wherein X is the wavelength of the incident 
light. N2 is an integer of 0 or greater, and n2 is the refrac- 10 
tive index of the medium 2). Furthermore, if the refrac- 
tive index n2 of the medium 2 approaches the geometric 
means of the refractive index n^ of the medium 1 and 
the refractive index of the medium 3 (i.e. the square 
root of the product of n^ and n^), the reflectivity at the is 
medium 2 can be reduced even further. 
[0074] Consequently, it is preferable to use films for 
the anti-reflective films 111. 116. as well as the inter- 
layer anti-reflective f 3ms 1 12 to 1 1 5, whose thicknesses 
and refractive indices satisfy this relation. 20 
[0075] For example, if the refractive index of air is 1 
and the refractive index of the first substrate 1 1 and the 
second substrate 12 is 1.5 (e.g. when regular glass is 
used for the first substrate 1 1 and the second substrate 
12). it is preferable that the refractive indices of the anti- 25 
reflective films 111 and 116 are close to 1.22. Conse- 
quentiy. magnesium fluoride (refractive index: 1.38) 
whose refractive index is close to 1 .22 can be used for 
the anti-reflective films 111 and 1 16. for example. 
[0076] If the refractive index of the first substrate 1 1 30 
and the second substrate 12 is 1.5 and the refractive 
index of the voltage applying electrode 13 and the 
opposing electrode 14 is 2 (e.g. when ITO is used for 
the voltage applying electrode 13 and the opposing 
electrode 14), it is preferable that the refractive indices 35 
of the interlayer anti-reflective films 112 and 115 are 
close to 1.73. Consequently, alumina (refractive index: 
1.68) whose refractive index is close to 1.73 can be 
used for the interlayer anti-ref tective films 112 and 1 1 5. 
for example. ^ 
[0077] Similarly, if the refractive index of the voltage 
applying electrode 13 and the opposing electrode 14 is 
2 arxi the refractive index of the translucent resin films 
15 and 16 is 1.5 (for example, if polyvinylalcohol films 
are used for the translucent resin films 15 and 16). it is 
preferable that the refractive indices of the interlayer 
anti-reflective films 113 and 114 are close to 1 .73. Con- 
sequently, alumina, whose refractive index is dose to 
1.73, can be used for the interlayer anti-reflective films 
113 and 114. Since the refractive index of the translu- 
cent resin films 15 and 16 is almost the same as the 
refractive index of the liquid crystal 17. it is not neces- 
sary to be concerned with reflections between the trans- 
lucent resin films 15 and 16 and the liquid crystal 17. 
[0078] The indices and materials cited for the 
above-mentioned anti-reflective films are mere exam- 
ples, and it does not have to be stressed that depending 
on the materials used for tiie optical element 110 and 
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tiie wavelengths of the passing light, the optimal refrac- 
tive indices and film thicknesses of the artti-rellective 
f 0ms may vary. 

[0079] Moreove-. the anti-reflective f flms 111,116, 
and the interlayer anti-reflective filrris 1 12 to 1 15 do not 
necessarily have to be single layers, and also can be 
layered of a plurality of thin films with different refractive 
indices. Using anti-reflective films including a plurafity of 
tiiin films, it is possible to reduce the reflectivity even fur- 
ther. 

[0080] The optical element 110 of the second 
embodiment attains tiie same effect as the optical ele- 
ment 10 of the first embodiment In addition, since tiie 
optical element 110 is provkled with the anti-reflective 
films 111. 116, and the interlayer anti-reflective films 
1 12 to 1 1 5. tiie attenuation of incident light due to reflec- 
tions at the surface of the optical element 110 and due 
to internal reflections can be prevented. 

Third Errtijodiment 

[0081] The third embodiment illustrates another 
example of an optical element in accordance with the 
present invention. 

[0082] Rg. 1 3 is a cross-sectional view of an optical 
element 130 of tiie third embodiment of the present 
invention. 

[0083] Refen-ing to Fig. 13, the optical element 130 
includes a first substrate 11. a second substrate 12 
arranged substantially in parallel to tiie first substrate 
11, a voltage applying electrode 131 anranged between 
the first substrate 11 and a I'quid aystal 17. an oppos- 
ing electrode 14 arranged substantially in parallel to the 
voltage applying electrode 131 and opposing the volt- 
age applying electrode 131, a translucent resin film 15 
formed so as to cover tiie voltage applying electrode 
131. a translucent resin film 16 formed so as to cover 
the opposing electrode 14. a liquid crystal 17 arranged 
between the translucent resin films 15 and 16 (i.e. 
between tiie voltage applying electrode 131 and the 
opposing electrode 14). and a sealing resin 18 arranged 
between the translucent resin films 1 5 and 1 6 enclosing 
the liquid crystal 17. 

[0084] Except for tiie voltage applying electrode 
45 131 , all parts are tiie same as in the first emlDodiment, 
so that their explanation has been omitted. 
[0085] Fig. 14 is a partial top view of the voltage 
applying electi-ode 131. Rg. 14 also illustrates the orien- 
tation of the liquid crystal, the polarization direction of 
so tiie incident light and tiie radial direction of the recording 
medium. Moreover, the lead electrodes have been omit- 
ted from Rg. 14, but it is possible to use the same kind 
of lead electrodes as shown in Rg. 3. 
[0086] The voltage applying electrode 131 applies a 
55 desired voltage to the liqukJ crystal 17, whereby it con- 
ti-ols tiie phase of light passing through the liquid crystal 
17. Separation portions 132 divide the voltage applying 
electrode 131 into a plurality of segment electi^odes 
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133a to 133e. The segm&it electrodes 133a to 133e 
are translucerrl electrodes and can be made, for exam- 
ple, of ITD. The shape of the segment electrodes should 
be in accordance with the distribution of the aberration 
to be corrected, and the shape shown in Rg. 14 is only 
an example. 

[0087] The width W of the separation portions 132 
is a width selected so that sut)stantially the entire region 
of the liquid crystal (phase changing layer) 17 located 
above the separation portions 132 is subjected the influ- 
ence of the segment electrodes. This means, the width 
of the separation portions 132 is not more than the 
width where a region of liquid crystal 17 influenced by a 
certain segment electrode is in contact to a region of liq- 
uid crystal 17 influenced by another segment adjacent 
to the certain segment electrode To be specific if the 
thickness of the liquid crystal 17 in a direction perpen- 
dicular to the first substrate 11 is d (see Fig. 13). it is 
preferable that the width W and the thickness d fulfill the 
relation W s 3d. more preferably W ^ 2d. The wkith W 
can be. for example, in the range of 1 through 15^m. 
[0088] The following is a more detailed explanation 
of the behavior of the liquid crystal 1 7 on the separation 
portions 132. Usually, the electric field at the edges of 
two opposing electrodes extends into the space sur- 
rounding the electrodes. This situation is shown sche- 
matically in Fig. 15. In the case of a parallel plate 
capacitor with two semi-infinite opposing electrodes, the 
relation between the distance from the edge of an elec- 
trode (i e- the distance in the X-axis direction in Rg. 15) 
and the potential thereof (insulation effect of the parallel 
plate capacitor) can be illustrated by conformal mapping 
(see Miharu FUJIMOTO "Denjikigaku**. published by 
Asakura Shoten, or Kenichi GOTO. Shuichi YAMA2AKI 
"Denjikigakuenshu". published by Kyoritsu Shuppan). 
Since the strength of the electric fiekj is a differentiat 
coefficient of the potential, the relation between the dis- 
tance from the edge of the electrodes and the field in the 
direction perpendicular to the electrodes can be deter- 
mined by differentiating the potential in the direction ver- 
tical to the electrodes (Y-axis direction in Fig. 15). The 
result of this calculation is shown in Fig. 16. In Rg. 16. 
the abscissa marks the distance in X-axis direction from 
the electrode edge as the normalized value taking the 
distance between the two opposing electrodes as 1. 
Moreover, zero on the abscissa marks the edge of the 
electrodes. arKi an increasing value for x expresses an 
increasingly distant position from the electrodes. The Y- 
axis. on the other harxi. marks the electric field strength 
in the Y-axis direction, taking the electric field strength 
between the electrodes as 100. 
[0089] Fig. 16 shows that an electric field leaks into 
the portion where there are no electrodes, and that the 
electric field at a distance equal to the distance of the 
two electrodes (x = 1) is about 20% of the electric field 
between the electrodes (y = 100). Consequently, the 
field also changes the refractive index of the liquid crys- 
tal at a position above the separation portion 132 in the 



actual optical element Since there are segment elec- 
trodes adjacent to both skies of the separation portions 
132. the liquid crystal below the separation portions 132 
is influenced by the electric fieW leaking from the seg- 

5 ment electrodes on both sides. Rg. 1 6 shows the calcu- 
lation result tor the case both electrodes are semi- 
infinite, but in the actual optical element, the segment 
electrodes can be thought of as semi-infininte and the 
opposing electrodes as infinite. In this case, the electric 

70 force lines do not curve back to the back side of the infi- 
nite electrode (opposing electrode), so that the electric 
field strength at a given distance from the semi-infinite 
electrode is larger than that shown in Rg. 16. Conse- 
quently, it can be assumed that the electric field at a dts- 

75 tance equal to the distance between the electrodes (x = 
1) leaks considerably from the electrode edge. 
[0090] For testing, an actual optical element having 
a voltage control electrode 131 as shown in Rg. 14 was 
made with a liquki crystal thickness d of 5^m. and a 

20 wkith W of the separation portions 132 of lO^m (2d). 
Then, the aberrations were corrected in an optical head 
(see Rg. 18) using this optical element When the opti- 
cal recording medium was tilted 1 the jitter was at least 
20% when the at>errations were not corrected, but only 

25 7.5% when the aberrations were corrected using th's 
optical element As the jitter vtras 6.6% when the optrsal 
recording medium was not tilted, it can be said tha: tne 
coma at}erration due to tilting the optical recording 
medium was almost completely corrected. Conse- 

30 quently, it can be said that the liquid crystal above the 
separation portions 132 had an almost optimal refrac- 
tive index due to the electric f iekJ leaking from the neigh- 
boring segment electrodes. 

[0091 ] In Fig. 1 6. the electric field at the position x = 
35 1.5 (when the width W of the separation portions is 
three times tiie ttiickness d of the liquid crystal, as the 
separation portions have segments on kx3th sides) is 
about 2 / 3 of the electric f ietoJ at the position x » 1 (when 
ttie widtii W of the separation portions is two times the 
40 thickness d of the liquid crystal). Consklering the fact 
that the abenations are almost completely corrected 
when the width W of the separation portions is two 
times tiie thickness d of the liquki crystal, it can t)e 
assumed that the aberrations can he suffficientiy cor- 
45 rected with the electric field leaking above the separa- 
tion portions even when the wkJtii W of the separation 
portions is tiiree times the thickness d of the Tiqukj crys- 
tal. 

[0092] The following is a discussion of the optical 
50 transmittance of an optical element. When the same 
voltage is applied to all segment electrodes, the refrac- 
tive index of the portions of the liquki crystal that are 
influenced by the segment electrodes is different from 
the refractive index of the portions of the liquki crystal 
55 that are not influenced by the segment electrodes. 
Therefore, a portion of the incident light is diffracted, 
which lowers tiie optical transmittartce of the optical ele- 
ment. Since in tiie optical element of the present 
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embodiment all portions of the liquid crystal located 
alDove the separation potions are influenced by the seg- 
ment electrodes, there is only a small deaease of the 
optical transnrdttance. The actual optical transmittance 
of the optical element 130 was measured, when setting 
the segment electrodes to 3V and the opposing elec- 
trodes to OV As a result, the optical transmittance of the 
optical element was 91% when the thickness d of the 
liquid crystal was S^im and the width W of the separa- 
tion portions was 10jim. When the thickness d of the Ikj- 
uid crystal was 5^im and the width W of the separation 
portions was 5jim, the optical transmittarKe of the opti- 
cal element was 97%. Since the optical transmittance 
depends on the surface area of the separation portions, 
general statements are not possible, but from the above 
results, it can be seen that it is preferable that the rela- 
tion between the thickness d of the liquid crystal and the 
width W of the separation portion is W s d. 
[0093] Thus, by controlling the voltage between the 
segment electrodes 133a to 133e and the opposing 
electrode 14 of the optical element 130. the refractive 
index of the liquid crystal 17 can be changed in every 
region. Consequerrtly. the path length can be changed 
at any desired position of the liquid crystal 1 7 of the opti- 
cal element 130. As shown in Fig. 14. the polarization 
direction of the light incident to the optical element 130. 
the orientation of the liquid crystal 17. and the radial 
direction of the optical recording medium are sut>stan- 
tially parallel. Consequently, tilting of the optical record- 
ing medium results in a phase distribution (coma 
aberration) as shown in Fig. 25. and controlling the volt- 
age applied to the segment electrodes 133a to 133e 
can correct the coma aberration by subjecting incident 
light to a phase distrilxjtion having the opposite polarity 
to the phase distribution shown in Fig. 25. 
[0094] In particular, since the width W of the sepa- 
ration portions 132 in the optical element 130 is such 
that the entire liquid crystal {phase changing layer) 17 
positioned above the separation portion 132 is influ- 
enced by the segment electrodes, the phase of the light 
passing the liquid crystal 17 above the separation por- 
tions 132 is appropriately controlled as well. Therefore, 
with this optical element 130. the effect of conecting 
incident light is particularly high. Moreover, since a suf- 
ficient correction can be attained without making the 
width of the separation portions 132 of this optical ele- 
ment 130 narrower than necessary the optical element 
can be manufactured with good yield and at low cost. 
[0095] It should be noted that the shape of the volt- 
age applying electrode 131 shown in Fig. 14 is merely 
an example, and that electrodes with different shapes 
can be used as well, as long as the width W of the sep- 
aration portion is below a certain value. 
[0096] Moreover, it is also possible to form a voltage 
control electrode as explained for the first embodiment, 
or anti-reflective films as explained for the second 
embodiment In the optical element 130. 



Fourth Example 

[0097] The fourth enrUxxJiment illustrates yet 
another example of an optical element in accordance 
5 with the present invention. 

[0098] Rg. 1 7A is a aoss-sectional view of an opti- 
cal element 1 70 of the fourth embodiment of the present 
invention. 

[0099] Referring to Rg. 17A, the optical element 

10 170 includes a first substrate 1 1 . a second substrate 12 
arranged sut^stantially in parallel to the first sut^strate 
1 1, a voltage applying electrode 1 71 arranged between 
the first substrate 11 and a liquid ayslal 17, an oppos- 
ing electrode 14 arranged substantially in parallel to the 

IS voltage applying electrode 171 and opposing the volt- 
age applying electrode 171. a translucent resin film 15 
formed so as to cover the voltage applying electrode 
171, a translucent resin film 16 formed so as to cover 
the opposing electrode 14. a liquid crystal 17 arranged 

20 between the translucent resin films 15 and 16 (ue„ 
between the voltage applying electrode 171 arxJ the 
opposing electrode 14). a sealing resin 18 arranged 
between the translucent resin films 15 and 16 and 
enclosing the liquid crystal 17. and a light-fcrfocWng film 

25 172 formed on the main face on the outer side (away 
from the liquid crystal 17) of the first substrate 11. 
[0100] Except for the voltage applying electrode 
171 and the light-blocking film 172, all portions are the 
same as in the optical element 10 of the first emtjodi- 

30 ment. so that their explanation has been omitted. 

[0101] The voltage applying electrode 171 applies 
the desired voltage to the liquid crystal 17 thereby con- 
trolling the phase of the light passing through the liquid 
aystal 17. The voltage applying electrode 171 is also 

35 divided by separation portions into a plurality of seg- 
ment electrodes, like the voltage applying electrode 131 
in Fig, 14. but the width of the separation portions of the 
voltage applying electrode 171 can be wider. The seg- 
ment electrodes are translucent arxl can be made, for 
40 example, of ITO. 

[0102] The light-blocking film 172 blocks a portion 
of the incident light. For exanrple. a metal can be used 
for the light-blocking film, and to be specific an alumi- 
num film of lOOnm thickness can be used for it. In Rg. 
45 17A, the light-blocking film 172 is shown to be formed 
on the first substrate 11. but the light-blocking film 172 
can just as well be formed on the second substrate 12. 
The light-blocking film 172 can be formed, for example, 
by depositing a metal thin film, and eliminating unneces- 
50 sary metal portions with a photolithography step and an 
etching step. 

[01 03] Fig. 1 7B is a top view showing an example of 
the light-blocking film 172. In the light-blocking film 172 
in Rg. 17B. the voltage applying electrode 171 has a 
55 similar pattern to the voltage applying electrode 131 in 
Fig. 14 (the width of the separation portion differs). 
[0104] Refen-ing to Fig. 17B. the light-blocking film 
1 72 is formed at a position corresponding to the separa- 
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tion portions. Tbat is to say. the light-blocking film 172 Is 
provided on the light path of the portion of the light that 
passes through the separation portions. 
[0105] As has been explained for the third embodi- 
ment, if the separation portions of the voltage applying 
electrode are too broad, the control of the liquid crystal 
17 above the separation portions becomes insufficient 
so that the phase of the light passing through this por- 
tion is not sufficiently controlled and aberrations are not 
sufficierrtly corrected. On the other hand, since in the 
optical element 170 light with uncontrolled phases is 
blocked by the light-blocking film 172. only light with an 
optimal phase passes through the optical element 170. 
arxj a sufficient correction of aberrations is performed. 
[0106] When performing aberration correction for a 
tilt angle of 1** with an actual optical element 170 having 
a voltage control electrode 171 with broad separation 
portions and a light-blocking film 172, the jitter was 
reduced to 8%. which is a very good result On the other 
hand, for the same case without the correction of aber- 
rations, the jitter was 20%. Thus, it has been shown that 
with the optical element 170. the effect of good aberra- 
tion correction can be attained. 

[0107] In this manner, with the optical element 170 
of the fourth embodiment, by blocking all the light pass- 
ing through the separation portions of the voltage apply- 
ing electrode 171. an optical element vnth good 
aberration correction can be obtained. Moreover, since 
the separation portions of the optical element 170 can 
be made wider, the optical element can t^e manufac- 
tured with good yield and at low cost 
[0108] The light-blocking film 172 can be made to 
block all the light passing through the separation por- 
tions of the segment electrodes, txjt it is also possible to 
let it block only a portion of this light. This means, since 
the liquid aystal 17 above the separation portions is 
influenced by the electric field leaking from the segment 
electrodes as explained for the third enr^odiment aber- 
rations can be sufficiently corrected by blocking only the 
light that passes through the portions that are not influ- 
enced by the electric field. If only a portion of the light 
passing through the separation portions is blocked, the 
light amourrt that can be utilized is increased, so that the 
jitter can be improved even further. 
[0109] It should be understood that the shapes of 
the light-blocking films 172 shown in Fig. 17B are 
merely an example, and that the shape of the light- 
blocking films 172 can be adjusted to the shape of the 
separation portions of the segment electrode. 
[01 1 0] Moreover, it is also possible to form a voltage 
control electrode as explained in the first embodiment or 
anti-reflective films as explained in the second embodi- 
ment on the optical element 1 70. 

Fifth Embodiment 

[0111] The fifth embodiment illustrates an optical 
head using an optical element in accordance with the 



present invention. 

[0112] Fig. 18 is a schematic drawing showing the 
configuration of an optical head 180 of the fifth errixxS- 
ment 

5 [0113] Referring to Fig. 18, the optical head 180 
includes a light source 181, a diffraction grating 182. a 
collimator lens 183, an optfcal element 184, an objective 
lens 1 85, a tilt sensor 186. and photo-detectors 187 and 
188. 

10 [01 1 4] The light source 1 81 indudes for exanrple a 
semiconductor laser element and irradiates coherent 
light for recording and reproducing onto the recording 
layer of an optical recording medium 189. 
[0115] The diffraction grating 182 can be made by 

IS forming photo-resist in the desired pattem on a glass 
substrate with photo-lithography, and etching the glass 
substrate. The diffraction grating 182 has a zero-order 
diffraction eff idency of about 50%. and a if irst-order dif- 
fraction efficiency of about 50%. In otiier words, the dif- 

20 fraction grating 1 82 functions as a separation means for 
separating light reflected from the optical recording 
medium 189 from the light path of light emitted by the 
light source 181. 

[0116] The collimator lens 183 and tiie objective 
25 lens 185 constitute a focusing optical system. 

[0117] For the optical element 184, any of tiie 
atx3ve-described optical elements of the first to fourth 
enr±)odiment can be used. That is to say. the optical ele- 
ment 184 corrects aberrations by applying a different 
30 voltage to each segment electrode of the voltage apply- 
ing electrode, so as to partially change the refractive 
index of the liquid crystal. 

[0118] The objective lens 185 focuses light on the 
recording layer of the optical recording medium 189. 
35 [0119] The tilt sensor 186 detects tile tilt angle of 
the optical recording medium 189. Then, the tilt sensor 
186 outputs a signal depending on the tilt angle of the 
optical recordirig medium to an optical element control 
circuit 190. 

40 [0120] The optical element control circuit 190 
applies an electrical signal (e.g. VI and V2 in Rg. 3) to 
the optical element 184, depending on the output from 
the tilt sensor 186. 

[01 21 ] The photo-detector 1 87 detects the +1 order 
45 light tiiat has been reflected at the recording layer of the 
optical recording medium 189 and diffracted by the dif- 
fraction grating 182 and converts it into an electric sig- 
nal. 

[01 22] The photo<ietector 1 88 detects the -1 order 
50 light tiiat has been reflected at the recording layer of the 
optical recording medium 189 and diffracted by the dif- 
fraction grating 182 and converts it into an electric sig- 
nal. 

[0123] Referring to Fig. 18, the following explains 
55 the function of the optical head 180. A portion of the lin- 
early polarized light emitted by tiie light source 181 
passes the diffraction grating 182 and enters the colli- 
mator lens 183. The collimator lens 183 collimates this 
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light into substantially parallel light, which enters the 
optical element 184. 

[0124] If the optical recording medium 189 is tilted 
vertically with respect to the optical axis, the tilt sensor 
186 outputs a signal corresponding to this tilt amount 
(tilt angle) for correcting the resulting wave-front aberra- 
tions, and this signal is given to the optical element con- 
trol circuit 190. The optical element control circuit 190 
outputs a signal necessary for correcting the wave-front 
aberrations caused by the tilt to the optical element 184. 
Consequently, the light entering the optical element 184 
is subjected to a phase change so that the wave-front 
aberrations caused by the tilt of the optical recording 
medium 189 are corrected. 

[01 251 The objective lens 1 85 focuses the light that 
has passed the optical element 184 on the optical 
recording medium 189. The light focused on the optical 
recording medium 189 is subjected by the optical ele- 
ment 184 to a phase change for correcting the wave- 
front aberrations, so that a focus spot without aberra- 
tion, in other words, one that is constricted to the diffrac- 
tion limit, is formed on the optical recording medium 
189. 

[0126] The light reflected by the optical recording 
medium 189 is light that has wave-front aberrations 
depending the tilt of the optical recording medium 189. 
but these wave-front aberrations are again corrected by 
the optical element 184. 

[0127] Reflected by the optical recording medium 
189 and having passed through the optical element 
184. tiie light passes tiie collimator lens 183. and is dif- 
fracted by the diffraction grating 182. Of tiie diffraction 
light diffracted by the diffraction grating 182. the +1 
order light enters the photo-detector 187, arxl the -1 
order light enters the photo-detector 1 88. 
[01 28] The photo-detector 1 87 outputs a focus error 
signal indicating how well the light is focused on the 
optical recording medium 189. and a tracking position 
en^or signal indicating the irradiation position. The focus 
error signal is outputted to a focus control means (not 
shown in the drawings). Based on the focus error signal, 
the focus corrtrol means regulates the position of the 
objective lens 1 85 on the optical axis in a manner that 
the light is always focused properly on the optical 
recording medium 189. The tracking error signal is out- 
putted to a tracking control means (not shown in the 
drawings). Based on the tracking error signal, the track- 
ing control means regulates the position of the objective 
lens 185 in a nrranner that the light is focused properly 
on the desired track of the optical recording medium 
189, 

[0129] The photo-detector 188 detects the record- 
ing information recorded on the optical recording 
medium 189. 

[0130] The following is an explanation of the optical 
element control circuit 190 for the case tiiat the optical 
element 184 is an optical element as explained in the 
first or second embodiment. Fig. 19 shows a circuit dia- 



gram for such an optical element control circuit 190. The 
optical element control circuit 190 includes signal 
sources 191 and 192, an OP-amp 193, a delay circuit 
194, and a switch 195. 

5 [01 31 ] The signal sources 1 91 and 1 92 output elec- 
trical signals to the voltage control electrode of the opti- 
cal element 184. The electrical signals outputted by the 
signal sources 191 arxj 192 change in accordance wttii 
tiie voltages VI and V2 applied to tiie voltage control 

10 electrode. The OP-anrtp 193 has a variable gain. The 
delay circuit 1 94 adjusts the phase of the signal from ttie 
signal source 192 so that tiie phases of tiie VI and V2 
are equal. The switch 195 passes the signals from the 
signal sources 191 and 192 on as the voltages VI and 

15 V2 applied to tiie voltage control electrode. The switch 
195 can toggle between the signal sources 191 and 192 
corresporxiing to the voltages VI and V2. 
[0132] If, during the correction of the wave-front 
aberrations caused by the tilt of tiie optical recording 

20 medium 1 89, tiie direction of the tilt of the optical record- 
ing medium 189 is the same but the extent of the tilt dif- 
fers, the wave-front aberrations can be corrected by 
changing tiie gain of the OP-amp 193. Moreover, if the 
warp direction of the optical recording medium 189 has 

25 reversed, tiie switch 195 toggles between the signal 
sources 191 and 192 conesponding to the voltages VI 
and V2 and the gain of tiie OP-amp 193 is changed as 
appropriate to correct the wave-front aberrations. 
[01 33] Fig. 20 shows tiie actually measured jitter for 

30 the case that the wave-front aberrations have been cor- 
rected with an optical element 10 in the optical head 
180, in comparison to the case without such a correc- 
tion. As becomes clear from Fig. 20, correcting the 
wave-front aberrations with the optical element 184 the 

35 jitter margin can be improved. 

[01 34] Thus, since the optical head 1 80 of tiie fifth 
embodiment includes an optical element in accordance 
with the present invention, an optical head can be 
attained that can read signals recorded on the optical 

40 recording medium with high reliability. Moreover, using 
an optical element in accordance with the present 
invention improves the jitter margin and the tilt margin of 
tiie optical head 180, so that the optical head can be 
manufactured easily and at low cost. 

45 [0135] Moreover, if an optical element in accord- 
ance with the first or the second embodiment is used, 
the number of signals applied to the optical element 184 
from outside can be reduced, so tiiat an optical head 
can be attained that corrects aberrations, is small, and 

50 can be manufactured easily. 

Sixth Embodiment 

[0136] The sixth embodiment illustrates another 
55 example of an optical head in accordance with the 
present invention. 

[0137] Fig. 21 is a schematic drawing showing tiie 
configuration of an optical head 180a of the sixth 



13 



25 



EP 1011 009 A1 



26 



embodiment. 

[0138] Referring to Fig. 21a. the optical head 180a 
includes a light source 181, a collimator lens 183. an 
optical element 184. an objective lens 185. a tilt sensor 
186, photo-detectors 187 and 188. a polarization holo- 
gram 211. and a X M plate 212. The polarization holo- 
gram 21 1 is arranged between the light source 181 and 
the collimator lens 183. Moreover, the X /4 plate 212 is 
arranged between the optical element 184 arKi the opti- 
cal recording medium 189. 

[0139] Except for the polarization hologram 211 
and the k /4 plate 212. all parts are the same as in the 
fifth embodiment, so that their further explanation has 
been omitted. Moreover, the optical element 184 can be 
any of the optical elements explained in the first to 
fourth eml5odiments. 

[0140] The polarization hologram 21 1 lets extraordi- 
nary light rays pass without changing them, and func- 
tions as a diffraction grating with respect to ordinary 
light rays. The polarization hologram 211 can be made, 
for example, by proton-exchanging a portion of a bire- 
fringent lithium niobate substrate and etching the pro- 
ton-exchanged portion (see Tokkai Hei 6-27322). 
[0141] The X /4 plate 212 is a non-linear optical ele- 
ment converting linearly polarized light emitted by the 
light source 181 into circularly polarized light and con- 
verting light reflected at the recording layer of the optical 
recording medium 189 into linearly polarized light with a 
polarization direction that is different from the alxive- 
mentioned linearly polarized light The X /4 plate 212 
can be made, for example, of a quartz. Instead of a X /4 
plate, it is also possible to use a NX /4 plate (wherein N 
is an odd number of three or greater). 
[0142] The operation of the optical head 180a will 
be explained with reference to Rg. 21. The linearly 
polarized light emitted by the ligfit source 181 passes 
the polarization hologram 21 1 without being changed 
and enters the collimator lens 183. The collimator lens 
183 collimates this light into substantially parallel light, 
which enters the optical element 184. If the optical 
recording medium 189 is tilted vertically with respect to 
the optical Eixis. the tilt sensor 186 outputs a signal cor- 
responding to this tilt amount (tilt angle), which is given 
into the optical element control circuit 190. The optical 
element control circuit 190 outputs a signal necessary 
for correcting the wave-front aberrations caused by the 
tilt of the optical recording medium 189 to the optical 
element 184. Consequently, the light entering the opti- 
cal element 184 is subjected to a phase change for cor- 
recting the wave-front aberrations caused by the tilt of 
the optical recording medium 189. 
[0143] The light passing through the optical ele- 
ment 184 enters the X/4 plate 212, which converts it 
from linearly polarized light into circularly polarized light. 
The objective lens 185 focuses this circularly polarized 
light on the optical recording medium 189. where it is 
reflected. Since light whose wave-front aberrations 
caused by tilting of the optical recording medium 189 



have been corrected is focused with the objective lens 
1 85. a focus spot without aberration, in other words, one 
that is constricted to the diffraction limit, is formed on the 
optical recording medium 189. 

5 [01 44] The light reflected from the optical recording 
medium 189 passes through ttie objective lens 185 and 
enters the X/4 plate 21 2. The light entering the X/4 plate 
212 is converted by the X/4 plate 212 from circularly 
polarized light into linearly polarized light The linearly 

10 polarized light that has passed though the X/4 plate 212 
has a polarization direction that is perpendicular to the 
linearly polarized light that is emitted by the light source 
181. This linearly polarized light passes the optical ele- 
ment 184 and the collimator lens 183, and is diffracted 

15 about 100% by tiie polarization hologram 211. Then, 
the +1 order light enters the photo-detector 1 87, arxi the 
-1 order light enters the photo-detector 188. 
[0145] The photo-detectors 187 and 188 as well as 
the focus control means (not shown in tiie drawings) 

20 function in the same manner as in the fifth embodiment, 
so that their explanation has been omitted here. 
[0146] Thus, using an optical polarization system, 
the utilization ratio of light emitted from the light source 
181 can be improved, facilitating the recording and 

25 reproducing of signals on a rewritable optical recording 
medium. 

[0147] The following is an explanation of the posi- 
tion of the optical element 184 for correcting aberra- 
tions. Because the liquid crystal 17 of the optical 

30 element 184 is uniaxially birefringent linearly polarized 
light that is substantially parallel to tiie orientation of the 
liquid crystal 17 has to be irradiated on the optical ele- 
ment 184 to conect aberrations (see Fig. 14). If tiie opti- 
cal element 184 is arranged between tiie X/4 plate 212 

35 and the optical recording medium 189, drculariy polar- 
ized light irradiated on the optical element 184 having 
the liquid crystal 17 (birefringent plate) changes the 
polarization betwe&i linear polarization and circular 
polarization according to the retardation of the liquid 

40 aystal 17. As a result, in the worst case, the light 
reflected by the optical recording medium 189 enters 
the polarization hologram 211 at the same polarization 
as the light emitted by the light source 181, In this case, 
the information signal recorded on the optical recording 

45 medium 189 cannot be reproduced, because no light 
enters the photo-detectors 187 and 188. Consequentiy. 
the optical element 184 should be placed k>etween the 
light source 181 and the X/4 plate 212. In otiier words, 
tiie X/4 plate 212 should be placed between tiie optical 

so element 184 and the optical recording medium. 

[0148] With the optical head 180a of the sixth 
embodiment, the same effect can be attained as with 
the optical head 180 of the fifth embodiment. In addition, 
by placing the X/4 plate 212 between the optical ele- 

55 ment 1 84 and the light source 1 81 , the utilization ratio of 
the light can be improved, facilitating the recording and 
reproducing of signals on a rewritable optical recording 
medium. 
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Seventh Embodiment 

[0149] The seventh embodiment illustrates an 
example of an optical recording and reproducing appa- 
ratus in accordance with the present invention. The opti- s 
cal recording and reproducing apparatus of the seventh 
embodiment is an apparatus for recording or reproduc- 
ing (or recording and reproducing) signals on an optical 
recording medium. 

[0150] Rg. 22 is a schematic drawing showing the io 
configuration of an optical recording and reproducing 
apparatus 220 of the seventh embodiment The optical 
recording and reproducing apparatus 220 includes an 
optical head 180. an optical element control circuit 190. 
a motor 221 . arxJ a processor 222. The optical head 1 80 75 
is the one explained in the fifth embodiment, and 
includes an optical element 184 as explained In the first 
to fourth embodiment. Instead of the optical head 180. it 
is also possible to use an optical head 180a. 
[0151] The optical head 180 and the optical ele- 20 
ment control circuit 190 are the same as in the fifth 
embodiment, so that their further explanation has been 
omitted. 

[0152] The following is an explanation of how the 
optical recording and reproducing apparatus 220 oper- 2S 
ates. First, when an optical recording medium 189 is 
inserted into the optical recording and reproducing 
apparatus 220. the processor 222 outputs a signal to 
the motor 221 that causes the motor 221 to rotate. 
Then, the processor 222 drives the emission of light by 30 
the light source 181. The light emitted by the light 
source 181 is reflected by the optical recording medium 
189 and enters the photo-detectors 187 and 188. The 
photo-detector 187 outputs to the processor 222 a focus 
enror signal indicating how well the light is focused on as 
the optical recording medium 189. and a tracking posi- 
tion error signal indicating the irradiation position. 
Based on these signals, the processor 222 outputs a 
signal controlling the objective lens 185, whereby the 
light emitted from the light source 181 is focused on the 40 
desired track on the optical recording medium 189. 
Also, based on the signal output from the photo-detec- 
tor 188, the processor 222 reproduces the information 
stored on the optical recording medium 189. 
[01 53] The following is an explanation of the control 4S 
operation when the optical recording medium 189 is 
tilted. When the optical recording medium 189 is tilted, 
the tilt sensor 186 outputs a signal depending on the tilt 
of the optical recording medium 189 to the processor 
222. Depending on the received signal, the processor sc 
222 drives the optical element control circuit 190. 
whereby the control signal that is necessary for correct- 
ing coma aberration caused by the tilt of the optical 
recording medium 189 is output to the optical element 
1 84 (for details, refer to the fifth and sixth embodiment), st 
Thus, the information signal stored on the optical 
recording medium 189 can be reproduced properly, 
even when the optical recording medium 189 is tilted. 



[0154] With the optical recording and reproducing 
apparatus 220 of the seventh enrtbodiment, the coma 
aberration caused by the tilt of the optical recording 
medium 189 is conrected by an optical element in 
accordance with the present invention. Consequently, 
with the optical recording and reproducing apparatus 
220, an optical recording and reproducing apparatus 
can be attained, wherein information signals recorded 
on the optical recording medium can be reproduced 
with good reliability. Moreover, using an optical element 
in accordance with the present invention, the tolerances 
with respect to tilting the optical recording medium 189 
can be enlarged, so that an optical recording and repro- 
ducing apparatus can be manufactured easily and at 
low cost. 

[0155] It shouW be noted that the above emlxxJi- 
merrts refen-ed to the reproduction of infornrration sig- 
nals, but also in the case of recording information 
signals, the control of the optical element can be per- 
formed in the same manner as for the reproduction, so 
that ft is also possible to record information signals with 
high reliability. 

[0156] The above embodiments have been 
explained by way of examples, but the present invention 
is in no way limited to these examples, and can be 
applied to other embodiments based on the same tech- 
nical idea as the present invention. 
[01 57] For example, the above examples related to 
the correction of radial tilt, but it is also possible to cor- 
rect tangential tilt by turning the pattern of the segment 
electrodes 90*. Moreover, using two kinds of optical de- 
ments, it is possible to correct both radial tilt and tan- 
gential tilt 

[0158] Moreov^, the above embodiments have 
been explained for the case that the optical element of 
the present invention is arranged in a parallel system 
between the collimator lens and the objective lens, but it 
also can be anranged in a divergent system between the 
light source and the collin^tor lens. 
[0159] Moreover, the above embodiments have 
been explained tor an optical head with an infinite sys- 
tem, but an optical head with a finite system without 
using a collimator lens is also possible. 
[0160] Moreover, the above embodiments have 
been explained for the case that wave-front aberrations 
are conected using the tilt amount that is detected with 
a tilt sensor during the reproduction of information 
stored on an optical recording medium. However, the 
preserrt invention is not limited to tNs, and it is also pos- 
sible to determine tiie relation between track position 
and titt angle before the reproduction, and to correct the 
wave-front aberrations for each track position at the 
determined tilt angle. 

[0161] Moreover, in tiie above embodiments, the 
light reflected from tiie optical recording medium is irra- 
diated onto photo-detectors after separating it from tiie 
light path from the light source with a diffraction grating, 
but it also can be irradiated onto the photo-detectors 
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after separating it from the light palh from the light 
source with a half-rnirror or the like. 
[0162] Moreover, the above embodiments have 
been explained for the case that information is recorded 
only with light, but the same effects can be achieved if 
the optical element of the present invention is applied to 
an optomagnetic reoordng medium for recording infor- 
mation with light and magnetism. 
[01631 Moreover, the above OTbodiments have 
been explained for the case that the optical recording 
medium is an optical disK but it can be equally applied 
to a card-shaped recording medium, or any optical infor- 
mation recording and reproducing apparatus working in 
a similar manner. 

[0164] Moreover, in the optical element of the first 
and second embodiment, it is also possSDie to connect a 
transistor to the voltage control electrode, to amplify a 
voltage applied from the outside. It is also possible to 
connect a phase-delaying circuit to the voltage control 
electrode to change the phase of the voltage applied to 
the voltage applying electrode. 

[0165] The invention may be embodied in other 
specific forn^ without departing from the spirit or essen- 
tial characteristics thereof. The emt^iments disclosed 
in this application are to be considered in ail respects as 
Illustrative and not restrictive, the scope of the irwention 
being indicated by the appended claims rather than by 
the foregoing description, all changes that come within 
the meaning and range of equivalency of the claims are 
intended to be embraced therein. 

Claims 

1 . An optical element, characterized by: 

a voltage applying electrode provided with a 
plurality of segr .ent electrodes; 
an opposing electrode arranged substantially 
in parallel to the voltage applying electrode and 
opposing the voltage applying electrode: 
a phase changing layer made of a phase 
changing material arranged between the volt- 
age applying electrode and the opposing elec- 
trode; 

wherein a phase of light entering the phase 
changing layer is changed by changing a volt- 
age between the voltage applying electrode 
and the opposing electrode. 

2. The optical element according to Claim 1 . charac- 
terized in that the phase changing material is a 
material whose refractive index changes depending 
on the voltage. 

3. The optical elemertt according to Claim 2. charac- 
terized in that the phase changing material is a liq- 
uid crystal. 



4. The optical element according to Claim 1. charac- 
terized in that the phase changing material is a 
material whose volume changes depending on the 
voltage. 

5 

5. The optical element according to Claim 4. charac- 
terized in that the phase changing material is PLZT. 

6. The optical element according to any of Claims 1 to 
10 5. characterized in that the voltage applying elec- 
trode further comprises a voltage control electrode 
made of a conductive material, which divides a volt- 
age applied from outside with resistances of the 
corKluctive material and applies the divided vott- 

75 ages to the segment electrodes. 



7. The optical element according to Claim 6. charac- 
terized in that the plurality of segment electrodes 
conprises a plurality of substantially semicircular 
electrodes arranged substantially in symmetry. 

8. The optical element according to Claim 6. charac- 
terized in that the plurality of segment electrodes 
comprises a plurality of electrodes partitioned into 
concerrtric rings. 

9. The optical element according to Claim 6. charac- 
terized in that the thickness da of the voltage apply- 
ing electrode is 

da = (2N3 + 1)>.y2na 

wherein X is the wavelength of the incident light, 
s an integer of 0 or greater, and na is the refractive 
index of the voltage applying electrode. 

10. The optical element according to Claim 6, charac- 
terized in that the thickness d^ of the opposing elec- 
trode is 

d5 = (2Nb + 1)X/2nb 

wherein X is the wavelength of the incident light. Nb 
is an integer of 0 or greater, and n^ is the refractive 
index of the opposing electrode 

11- The optical element according to Claim 6, further 
characterized by an anti-reflective film for prevent- 
ing reflection of incident light. 

1 2. The optical element according to any of Claims 1 to 
5, characterized in that 
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the voltage applying electrode is partitioned by 
55 separation portions into the plurality of seg- 

ment electrodes; and 

the width of the separation portions is such that 
the entire phase changing layer located above 
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the separation portions is influenced by the 
segment electrodes. 

13. The optical element according to Claim 12. charac- 
terized in that the width W of the separation per- s 
tions and the thickness d of the phase changing 
layer satisfy the relation W s 3d. 

14. The optical element according to any of Claims 1 to 
5, characterized in that 

the voltage applying electrode is partitioned by 
separation portions into the plurality of seg- 
ment electrodes; and 

the optical element further comprises a light- is 
blocking film blocking light from passing 
through the separation portions. 

15. The optical element according to Claim 14. charac- 
terized in that the light-blocking film is made of 20 
metal. 

16. An optical head for optically reading information 
stored on an optical recording medium, the optical 
head characterized by: 2S 

a light source: and 

an optical element according to any of Claims 1 
to 15 ananged between the optical recording 
medium and the light source. so 

17. The optical head according to Gaim 16. further 
comprising a NX /4 plate (wherein N is an odd 
number of one or greater) arranged between the 
optical recording medium and the optical element 3S 

18. An optical recording and reproducing apparatus for 
recording or reproducing signals on an optical 
recording medium, the apparatus characterized by: 

40 

an optical head for recording or reproducing 
signals on the optical recording medium, the 
optical head comprising a light source. arKi an 
optical element according to any of Claims 1 to 
15 arranged between the optical recording 4S 
medium and the light source. 

19. The optical head according to Claim 18, further 
comprising a NX/4 plate (wherein N is an odd 
number of one or greater) an-anged between the so 
optical recording medium and the optical element. 
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Fig. 9 
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Fig. 14 
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Fig. 15 
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distance in X-direction from electrode edge, 
taking the distance between the electrodes as 1 



FIG . 16 
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Fig. 17A 
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Fig. 17B 
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